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The kaolinite intercalation and its application in polymer-based functional composites 
have attracted great interest, both in industry and in academia fields, since they 
frequently exhibit remarkable improvements in materials properties compared with 
the virgin polymer or conventional micro and macro-composites. Also of significant 
interest regarding the kaolinite intercalation complex is its thermal behavior and 
decomposition. This is because heating treatment of intercalated kaolinite is necessary 
for its further application, especially in the field of plastic and rubber industry. 
Although intercalation of kaolinite is an old and ongoing research topic, there is a 
limited knowledge available on kaolinite intercalation with different reagents, the 
mechanism of intercalation complex formation as well as on thermal behavior and 
phase transition. This review attempts to summarize the most recent achievements in 
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Abstract The kaolinite intercalation and its application in polymer-based functional composites have 
attracted great interest, both in industry and in academia fields, since they frequently exhibit 
remarkable improvements in materials properties compared with the virgin polymer or conventional 
micro and macro-composites. Also of significant interest regarding the kaolinite intercalation complex 
is its thermal behavior and decomposition. This is because heating treatment of intercalated kaolinite is 
necessary for its further application, especially in the field of plastic and rubber industry. Although 
intercalation of kaolinite is an old and ongoing research topic, there is a limited knowledge available on 
kaolinite intercalation with different reagents, the mechanism of intercalation complex formation as 
well as on thermal behaviour and phase transition. This review attempts to summarize the most recent 
achievements in the thermal behaviour study of kaolinite intercalation complexes obtained with the 
most common reagents including potassium acetate, formamide, dimethyl sulphoxide, hydrazine and 
urea. At the end of this paper, the further work on kaolinite intercalation complex was also proposed. 
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Highlights 
The thermal behaviour of kaolinite intercalation complexes by the most common reagents are 
summarized › The possible structural models for the kaolinite intercalation complex have been 
proposed ›The further work on kaolinite intercalation complex is also proposed. 
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1. Introduction 1 
Kaolinite, with the chemical formula Al2 [Si2O5] (OH) 4, is a naturally occurring inorganic 2 
polymer with a layer structure consisting of siloxane and gibbsite-like layers. The siloxane layer is 3 
composed of SiO4 tetrahedra linked in a hexagonal array. The bases of the tetrahedra are approximately 4 
coplanar and the apical oxygen atoms are linked to a second layer containing aluminum ions and OH 5 
groups (the gibbsite-type layer) [1-3]. Kaolinite is a dioctahedral 1:1 phyllosilicate formed by 6 
superposition of silicon tetrahedral sheets and aluminum octahedral sheets. Adjacent layers are linked 7 
by van der Waals forces and hydrogen bonds. This interlayer induces restricted access to the 8 
interlamellar aluminol groups (Al-OH) that may be used for grafting reactions (Fig.1). The most 9 
reactive functional groups in kaolinite are hydroxyl groups, which are capable of taking part in many 10 
chemical reactions as well as ion exchange processes [4-6].  11 
Kaolinite, an important industrial raw material, has a wide variety of applications in industry, 12 
particularly as paper filler and coating pigment [7-13]. It is used as an extender in aqueous based paints 13 
and inks, a functional additive in polymers and is the major component in ceramics [14-16]. It is the 14 
most abundant mineral of the kaolinite group (including dickite, nacrite, and halloysite). Depending on 15 
the application, kaolinite is often modified from its natural state by physical or chemical treatment to 16 
enhance the properties of the material. Therefore, an important part of research in laboratory is focused 17 
on the preparation of kaolinite complexes intercalated by organic molecules. One of the most studied 18 
systems to date is the intercalation of synthetic polymers into layered aluminosilicates [5, 17-20]. In 19 
this way, it is possible to produce nanocomposites that usually present unique properties with the 20 
isolated starting materials. The complexes of kaolinite intercalated by organic molecules have gained 21 
much attention over the recent decades, essentially making the clay into a single layered mineral [9, 13, 22 
21, 22]. 23 
Kaolinite can interact with organic molecules by intercalation which is a process of insertion of 24 
molecules between the kaolinite layers [23]. Therefore, an important part of research in laboratory is 25 
focused on the preparation of the complexes of kaolinite intercalated by organic molecules. This area, 26 
essentially making the clay into a single layered mineral, has gained much attention over recent 27 
decades. In Wada’s work begun in 1959 [24], he discovered that the cation and anion penetrate between 28 
the silicate layers of kaolinite group minerals, probably forming a unimolecular layer of the ionic 29 
4 
complex, and then in 1961 [25] he successfully prepared the kaolinite-potassium acetate intercalation 30 
complex. The basic principles of kaolinite intercalation were reported by Lagaly in 1984 [26]. The 31 
intercalation reactive molecules were classified by Weiss et al. [27] as follows: (a) compounds forming 32 
strong hydrogen bonds to the silicate layers; for example, urea, formamide and hydrazine; (b) 33 
compounds with pronounced betain-like character with the possibility of strong dipole interactions with 34 
the silicate layer; for example, dimethyl sulphoxide; and (c) alkali salts of short-chain carboxylic acids; 35 
for example, acetic acid. Nonreactive guest molecules can entrain between the layers by reactive guest 36 
molecules. Reactive molecules (e.g., dimethyl sulphoxide, hydrazine) can also be used as precursors for 37 
the intercalation of nonreactive organic molecules via the displacement of intercalated molecules. In 38 
addition to the formation of new organoclay nanohybrid materials, intercalation also can lead to the 39 
covalent grafting of organic molecules [6, 28, 29]. 40 
The kaolinite intercalation and its application in polymer-based functional composites have 41 
attracted great interest, both in industry and in academia fields, since they frequently exhibit 42 
remarkable improvements in materials properties compared with the virgin polymer or conventional 43 
micro and macro-composites. Also of significant interest regarding the kaolinite intercalation complex 44 
is its thermal behavior and decomposition. This is because heating treatment of intercalated kaolinite is 45 
necessary for its further application, especially in the field of plastic and rubber industry. 46 
2. Thermal behavior of kaolinite 47 
In order to confirm the results obtained from thermal analysis on kaolinite intercalation complex 48 
and understand the thermal behavior of intercalation complex better, the thermal behaviour of kaolinite 49 
should be comprehended firstly. The thermal behaviour of kaolinite was studied in numerous papers 50 
[30-34]. Therefore, some basic aspects of the thermal behaviour of kaolinite will be exposed and 51 
discussed. Thermal behaviour and dehydration, as well as the thermogravimetry/differential thermal 52 
analysis (TG/DTA) of this mineral will constitute the first topic. 53 
It was reported by Brindley and Nakahira [30], the thermal reaction of kaolinite can be 54 
conveniently divided into four steps as follows: 55 
1. Low-temperature reaction below 400 °C 56 
2. Intermediate-temperature reactions, mainly between 400 and 650 °C 57 
3. High-temperature reactions, above 700 °C 58 
5 
4. Oxidation reaction 59 
The mass loss occurring up to 400 °C is mostly attributed to the elimination of adsorbed water 60 
molecules on the external surfaces of the kaolinite particles. Kaolinite does not present either interlayer 61 
cations or naturally intercalated water. This being the case, all mass losses at this temperature in the 62 
thermal analysis of pure kaolinite is assigned to the elimination of the water molecules absorbed on the 63 
surface of kaolinite. The water release of kaolinite in a temperature range between 450 and 650 °C and 64 
the formation of the “metakaolinite” is well-known, and the reaction can be expressed as follow:  65 
[ ] OHSiOOAlOHOSiAl 22324522 22)( +⋅→  66 
In the intermediate-temperature region is located possibly the most important thermal reaction of 67 
kaolinite, the elimination of water molecules through dehydroxylation. This process is observed in the 68 
TG/DTA analysis as a mass loss beginning after 400 °C and completed around 650 °C. This mass loss 69 
corresponds to a theoretical value of 13.96% according the above equation. It was discussed by 70 
previous literature [31, 32, 35] the dehydroxylation of hydroxyl containing compounds like kaolinite 71 
occurs in a formation of water molecules due to an interaction of neighbouring OH groups. The OH 72 
groups release from the octahedral coordinated Al3+ ion could generate water. The dehydroxylation for 73 
kaolinite is endothermic, and an intense endothermic peak is observed in the differential thermal 74 
analysis (DTA) or differential scanning calorimetry (DSC) curve around 400-650 °C. Moreover, the 75 
infrared emission spectra of kaolinite clearly showed the dehydroxylation process at above 450 °C [36]. 76 
At the same time, the mass spectrometric data also provide evidence on the thermal decomposition 77 
products for kaolinite [37]. The endothermic dehydroxylation is splitting into two separate processes 78 
(Tmax≈550 °C and ≈600 °C). The first step was stated due to the loss of “structural water” and a 79 
destruction of the kaolinite sheet structure. The second step was explained as a kinetically controlled 80 
recombination of alumina and silica to the metakaolinite structure. The maximum temperature of 81 
dehydroxylation depends on many factors, e.g. degree of disorder of the kaolinite structure [33, 35], 82 
pressure and partial water vapour pressure [38, 39], heating rate [40], mechanical treatments and 83 
ultrasound processing of sample [41, 42]. It was also reported that the crystallinity and particle size of 84 
the kaolinite can strongly influence the dehydroxylation temperature, with small, poorly crystallized 85 
particles presenting lower dehydroxylation temperatures than high ordered kaolinite with larger 86 
particles [33]. 87 
6 
The product formed after dehydroxylation is called metakaolinite and is usually almost amorphous, 88 
though the dehydroxylation process is topotactic and the particles retain the pseudo-hexagonal 89 
morphology. However, as previous reported vary widely, no unanimous conclusion on the mechanism 90 
of the kaolinite dehydroxylation reaction can be drawn. There are two main explanations accounting 91 
for the dehydroxylation process. A homogeneous mechanism suggests that in two neighboring hydroxyl 92 
groups having different acidities the proton of the modes acidic one will react with the less acidic to 93 
form water. This water molecule would diffuse through the interlayer spaces until be eliminated from 94 
the particle. The heterogeneous mechanism suggests that free protons are produced in some region of 95 
the structure. These protons migrate to elimination regions where they can react with hydroxyl groups 96 
forming water. The increase of the electrical conductivity of kaolinite around the dehydroxylation 97 
temperature may be linked to proton delocalization and is a indicative of the heterogeneous mechanism 98 
[43]. However, the paper of Frost et al. [42] using infrared emission spectroscopy to study of the 99 
dehydroxylation of kaolinite suggested that the above two mechanisms are involved in the process. 100 
This may indicate that homogeneous and heterogeneous mechanisms occur simultaneously, but a final 101 
elucidation of the mechanism was not yet described. 102 
The thermal behaviour of the high temperature region is observed at above 700 °C in DTA or DSC 103 
curve as a slight endothermic event immediately followed by an exothermic peak, around 950-1000 °C. 104 
When T∼950 °C, the metakaolinite is transformed to a spinel structure or a Si-containing ɣ -Al2O3 and 105 
amorphous silica. It was also discussed that cubic spinel and amorphous silica are originating by 106 
exothermic reaction up to 950 °C from metakaolinite. The SiO4 groups combined with AlO6 group to 107 
form the Al-Si spinel phase that in a short range order structure. The Al-Si spinel phase appears at 108 
920 °C and persists until at least 1100 °C. At this temperature, whether a spinel or a silicon-containing 109 
ɣ -Al2O3 is formed is still under debate [44]: 110 
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When T>1000 °C, mullite phase first appears at a temperature around 1100 °C, its amount 112 
increases with the increase of temperature: the mullite formation increase with the heating temperature 113 
increase from 1000 to 1300 °C. The thermodynamically stable mullite phase is forming via exothermic 114 
reaction over 1100 °C and crystallization of cristobalite from amorphous silica proceeds subsequently. 115 
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It is conclude that the whole process for the thermal behaviour of kaolinite can be mostly 116 
described by reactions: 117 
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The phase transformations are expressed in the form of chemical reactions for the ease of 119 
explanation. However, the above equations are unable describe the coal bearing strata kaolinite exactly. 120 
It is influenced by the degree of disorder of the kaolinite structure, formation environment and the 121 
amount and kind of impurities [33, 38, 45-48]. 122 
3. Thermal behavior of kaolinite intercalation complex 123 
3.1. Potassium acetate intercalation into kaolinite 124 
It was reported that the kaolinite-potassium acetate intercalation complex was formed from the 125 
expansion of kaolinite with both potassium acetate and water molecules [25, 49]. It was also pointed 126 
out that potassium acetate molecule possessing both proton-donor and proton-acceptor group is easily 127 
intercalated. The acetate ion has only proton-acceptor capability and can form hydrogen bonds with the 128 
gibbsitic sheet through the lone pair of electrons on the C=O group. Meanwhile, the potassium ion fits 129 
into the ditrigonal cavity and influences both the position and the intensity of the hydroxyl vibration 130 
modes. The presence of the potassium ion may affect the dipole moment of this hydroxyl group by 131 
effectively “squeezing” into the ditrigonal cavity of the siloxane layer. This cavity is about 0.232 nm 132 
wide, and the potassium ion is 0.233 nm in diameter. The effect of increase temperature may allow this 133 
potassium to fit into this ditrigonal or at least sit above the cavity.  134 
The paper of Wada [25] was the first investigation to analyse the thermal behaviour of the 135 
kaolinite-potassium acetate intercalation complex. It was reported that the kaolinite-potassium acetate 136 
complex heated at 100 °C is interesting in view of the configuration of the interlayer material and the 137 
preference for KC2H3O2 in the reaction. The heating caused a collapse of the intercalation complex to 138 
1.14 nm. The decrease in the basal spacing and the readiness of its restoration by allowing the heated 139 
complex to stand in the laboratory air indicates the presence of a monomolecular layer of water 140 
together with potassium acetate. According to the thermal analysis in the investigation, the structure of 141 
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intercalation complex was mentioned by Wada that the cation size was found to be of primary 142 
importance in the reaction in relation to the size of the cavity in the SiO-sheet, so potassium acetate and 143 
water molecules probably are oriented in a configuration, in which K+ fits in the cavity of the oxygen 144 
hexagon. A few short years later, the work by the author of that paper, namely Wada [50], reported that 145 
the water and potassium acetate was intercalated into the interlayer of kaolinite. This point was proved 146 
again by the thermal analysis. At the same time, the results of thermal behaviour for intercalation 147 
complexes also were used to differentiate halloysite and dickite from kaolinite group mineral. 148 
It was reported by Smith and Zuckerman [49] that kaolinite-potassium acetate intercalation 149 
complex samples lose interlayer water rapidly and reversibly upon gentle heating at 60 °C or upon 150 
storage over a desiccant for 24 hours, to yield a partially collapsed lattice with a d(001)spacing of 1.18 151 
nm. A set of data was used to illustrate that samples of the material evolved during partial collapse of 152 
the complex were collected in vacuum and shown by mass spectrometric analysis to be water alone. 153 
The X-ray diffraction (XRD) results was used to introduce that the dehydrated complex into an 154 
atmosphere of high relative humidity, rehydration occurs quickly as shown by the rapid growth of the 155 
1.40 nm peak during constant irradiation (Cu Kα) at 6.2°(2θ).  156 
Horte et al.[51] reported that the reaction of kaolinite with potassium acetate primarily results in 157 
an intercalation complex in hydrated form (d (001) =1.40 nm). The intercalation complex underwent 158 
dehydration when heated; The unhydrated intercalation complex with d(001)≈1.11 nm is stable when the 159 
temperature is up to 300 °C. At higher temperature, the thermal decomposition of the complex and 160 
dehydroxylation of kaolinite take place simultaneously (extrapolated onset temperature 360 °C). If the 161 
decomposition is performed in an N2 atmosphere, the following reaction products occur: CO2, 162 
(CH3)2CO, CH3COOH, H2O and amorphous K2O·2Al2O3·4SiO2. They also proclaimed that the 163 
decomposition of the potassium acetate intercalation complex proceeds simultaneously with the 164 
dehydroxylation of kaolinite at an extrapolated onset temperature of 360 °C. The high temperature 165 
reactions (dehydroxylation and transformation) of kaolinite obtained through the decomposition of 166 
intercalation complexes with volatile intercalation agents depend on the conditions applied during 167 
decomposition. 168 
Intercalation complexes of two different Hungarian kaolinites with potassium acetate were 169 
investigated using the thermoanalytical methods by Kristóf et al. [52]. They reported that the 170 
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dehydroxylation of the kaolinite-potassium acetate complex took place at 375 °C, as indicated by the 171 
response curve of the water detector. This dehydroxylation temperature is lower by 213 °C than that of 172 
the pure kaolinite sample. Concerning the decomposition pattern of this complex, it is interesting to 173 
note that decomposition takes place in three stages at 375, 475 and 548 °C as shown by the 174 
thermogravimetric (TG) and differential thermogravimetric (DTG) curves. In addition to the liberation 175 
of water, formation of carbon dioxide and carbon monoxide, from the decomposition of the interlayer 176 
potassium acetate, was also confirmed by the CO2, and CO monitors. 177 
Gábor et al. [53] has carried out some evaluation on the thermal behaviour and decomposition of 178 
kaolinite-potassium acetate intercalation complex. The thermoanalytical and evolved gas analysis 179 
curves of the kaolinite-potassium acetate intercalation complex proved the strongly hygroscopic nature 180 
of the complex. The amount of adsorbed water is quite high and is completely removed until 200 °C. 181 
At 298 °C, a sharp endothermic peak was observed from DTA curve but with no mass change at all. 182 
This endothermic peak was being considered to be the melting of the adsorbed potassium acetate. 183 
According to the DTG and DTA curves, it was also indicated that the decomposition of the intercalated 184 
complex takes place in two stages, at 430 °C and 480 °C. The water detector curve also revealed that 185 
dehydroxylation occurs in the lower temperature range along with the formation of carbon dioxide as a 186 
product of acetate decomposition, while in the second stage carbon monoxide is formed together with 187 
other organic products. Carbon monoxide is also liberated in a slow reaction up to about 800 °C due to 188 
the reaction of the potassium carbonate obtained and elemental carbon formed by cracking. They also 189 
concluded that the intercalation complex is stable up to 300 °C, and decomposition takes place in two 190 
stages after melting of potassium acetate intercalated in the interlayer spaces. Dehydroxylation 191 
occurred, in the presence of a molten phase, at a lower temperature than for the pure kaolinite. 192 
The caesium acetate molecules have been successfully intercalated into the interlayer of kaolinite 193 
[54]. This reaction process can be used to reveal important details of the mechanism of complexation 194 
and the structure of the intercalation complex formed. Rehydration of the partially dried complex over 195 
D2O can be used for a more reliable analysis of the OH stretching region of intercalated kaolinites. 196 
The thermal behaviour properties of coal-bearing strata kaolinite-potassium acetate intercalation 197 
complex was reported by Liu and Ding [55]. The intercalation complex is stable at the temperature up 198 
to 310 ºC and its decomposition takes place after melting of potassium acetate intercalated in the 199 
interlayer space. Dehydroxylation occurred, in the presence of a molten phase, at a lower temperature 200 
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than for the pure kaolinite. It was also revealed that there is a sequence of dehydroxylation for the 201 
various OH groups of intercalated kaolinite. 202 
A systematic study on the kaolinite-potassium acetate intercalation complex under high pressure 203 
and at different temperature was made by Frost et al. [56, 57]. The kinetics of rehydration was studied 204 
by Raman spectroscopy. The intercalation under 20 bar pressure at 220 °C caused the differentiation of 205 
the hydrogen-bonded inner surface OH group bands. It was concluded that the high pressure and 206 
temperature resulted in the differentiation of the inner surface hydroxyl groups and the decrease in 207 
structural order as well, leading to the formation of more defect structures. Upon cooling to liquid 208 
nitrogen temperature, the separation between the stretching bands of the inner hydroxyl and the inner 209 
surface hydroxyl groups hydrogen-bonded to the acetate decreases (the opposite tendency was 210 
expected). This indicates a weaker hydrogen bond formation in the complex at -196 °C. It was also 211 
stated the role of water in the intercalation of kaolinite with potassium acetate [57]. 212 
It was reported by Cruz and Franco [58] that two main effects appeared at medium temperature 213 
(250-650 °C): (a) at 290 °C, a sharp endothermic effect appeared; and, (b) a strong exothermic system 214 
between 436 and 517 °C. The endothermic effect at 290 °C is accounted for by the melting of excess 215 
potassium acetate whereas the exothermic effect corresponds to the potassium acetate combustion. The 216 
latter is also accompanied by a second stage of mass loss. At high temperatures, a broad endothermic 217 
effect (between 800 and 930 °C) and a well-defined one (at 870 °C) are observed, which correspond to 218 
the melting of carbonate followed by decomposition. 219 
The rehydration of potassium acetate-intercalated kaolinite has been studied using a combination 220 
of X-ray diffraction and Raman microscopy by Frost et al. [23]. Dehydration of the fully expanded 221 
potassium acetate intercalated kaolinite with initial d (001) spacing of 1.39 nm, in an atmosphere of 222 
nitrogen, shows the presence of three expanded kaolinite phases with d (001) spacings of 1.15, 0.96, and 223 
0.92 nm. The X-ray diffraction patterns showed the existence of six expanded phases after one minute 224 
of rehydration with d spacings of 1.41, 1.16, 1.10, 0.99, 0.89, and 0.86 nm. Rehydration is rapid with 225 
the intercalation complex rehydrating in less than 21 min. It is showed by Raman spectroscopy that 226 
bands at 3632 cm-1 is assigned to the hydroxyl stretching vibration of the inner hydroxyl, and the band 227 
at 3601 cm-1 is attributed to the inner surface hydroxyl hydrogen bonded to the acetate ion when the 228 
intercalation complex is heated to 300 °C under an atmosphere of nitrogen. The position of the inner 229 
hydroxyl band is observed at 3630 cm-1 in the 25 °C spectrum, providing the intercalated kaolinite is 230 
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not exposed to air. Phase changes of the intercalation complex are determined using the changes in 231 
intensity of the inner surface hydroxyl stretching bands. Phase changes are also observed through 232 
changes in intensity of the C=O, C-C, and OCO Raman modes. 233 
The intercalation of potassium acetate together with water into kaolinite was reported by Xia et al. 234 
[59]. They reported the stability of the intercalation complex up to about 400 ºC. 235 
Cheng et al. [5, 60] reported that the X-ray diffraction patterns at room temperature indicated that 236 
intercalation of potassium acetate into kaolinite causes an increase of the basal spacing from 0.71 to 237 
1.42 nm. The peak intensity of the expanded phase of the complex decreased with heating above 238 
300 °C, and the basal spacing reduced to 1.19 nm at 350 °C and 0.71 nm at 400 °C. These were 239 
supported by DSC-TG and infrared transmission and emission spectroscopic measurements, where the 240 
endothermic reactions are observed between 300 and 600 °C. These reactions can be divided into two 241 
stages: 1) Removal of the intercalated molecules between 300-400 °C. 2) Dehydroxylation of kaolinite 242 
between 400-600 °C. It was reported that significant changes were observed in the infrared bands 243 
assigned to outer surface hydroxyl, inner surface hydroxyl, inner hydroxyl and hydrogen bands. The 244 
infrared emission spectra clearly show the decomposition and dehydroxylation of the kaolinite 245 
intercalation complex when the temperature is raised [60]. The dehydration of the intercalation 246 
complex was followed by the loss of intensity of the stretching vibration bands at region 3600-3200 247 
cm-1. Dehydroxylation was also followed by the decrease in intensity of the bands between 3695 and 248 
3620 cm-1. Dehydration was completed by 400 °C and partial dehydroxylation by 650 °C. The inner 249 
hydroxyl group remained until around 700 °C. These results were proved using infrared emission 250 
spectroscopy by Cheng et al. [60]. 251 
From the available literature pointing towards the thermal behaviour of kaolinite-potassium 252 
acetate intercalation complex, it is concluded that there are discrepancies in the literature regarding the 253 
nature of dehydroxylation. Gábor et al.[53] reported that there is a sequence of dehydroxylation in the 254 
kaolinite-potassium acetate intercalation complex, with the hydrogen-bonded OH groups of kaolinite 255 
disappearing first (by 350 °C), followed by all the outer hydroxyls by 400 ºC, with dehydroxylation 256 
complete by 500 °C. However, it was reported by Kristóf et al. [61] that the kaolinite-potassium acetate 257 
intercalation complex decomposes in two steps: the first step at 376 °C, and then a slow process over a 258 
wide temperature range between 400 and 550 °C. It was also discussed that early dehydroxylation is 259 
due to the removal of inner surface hydroxyls which are hydrogen-bonded to the intercalating acetate 260 
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ions, while the second step is due to the removal of hydroxyls which are not hydrogen-bonded to the 261 
acetate. Moreover, Frost et al. [23, 62] reported a slightly different version of decomposition and 262 
dehydroxylation, which starts with the first decomposition step at 364 °C, and then dehydroxylation of 263 
the kaolinite-potassium acetate intercalation complex takes place, along with the liberation of a small 264 
amount of acetate decomposition products (as determined by Kristóf et al.[54]). It was also reported 265 
that the decomposition of acetate occurs at 438 °C, with only a small amount of water liberated from 266 
the nonintercalated kaolinite (since full intercalation is not achieved, and therefore some 267 
non-intercalated kaolinite is present).  268 
It is therefore proposed that the thermal decomposition processes for kaolinite-potassium acetate 269 
intercalation complexes is presented as four steps. The first step is loss of the water coordinated to 270 
potassium acetate in the intercalated kaolinite and loss resulting in the incomplete collapse of the 271 
expanded kaolinite structure to 1.10 nm. The second step is attributed to the loss of the acetate in the 272 
layer of intercalated kaolinite. And then the inner surface hydroxyls and hydrogen bonds formed water. 273 
The last step is to loss of the inner hydroxyls. On the other hand, the thermal decomposition of the 274 
kaolinite-potassium acetate intercalation complex must be interpreted on the basis of the structural 275 
arrangement of the potassium acetate and associated water between the kaolinite layers. However, as 276 
previous reported vary widely, no unanimous conclusion can be drawn. As early as in 1961, Wada [25] 277 
discussed the possible atomistic models for the kaolinite-potassium acetate intercalation complex. It 278 
was shown that the potassium occupied the ditrigonal holes of the oxygen-surface of kaolinite whereas 279 
water formed a layer between the acetate ions and the inner surface OH groups of the kaolinite. 280 
Contrary to this result, Kristóf et al. [52] reported that potassium is hydrated and so departed from the 281 
acetate ions. This conclusion is in striking contrast with the structural model proposed by Wada. 282 
Nevertheless these authors did point out that water has an important role in the structure of the 283 
intercalation complex. In addition, it was reported by Cruz and Duro [58] that water is present even in 284 
the “dehydrated” complex, thus suggesting the presence of H-bonds between kaolinite and water, as 285 
proposed by Wada [25], which may persist after the partial dehydration of the complex. On the 286 
contrary, Smith et al. [49] proposed that the lone pair electrons of the carbonyl oxygen in the acetate 287 
ion are more available for hydrogen bonding than those of the siloxane groups of kaolinite. 288 
Consequently, as the water content in the kaolinite-potassium acetate-water system decreases, the 289 
carbonyl oxygen of the acetate ion interacts with a hydroxyl group of kaolinite to give a stronger 290 
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hydrogen bond than had existed between Si-O and Al-OH group, and intercalation begins. Moreover, a 291 
structural arrangement with potassium occupying the ditrigonal holes of the oxygen surface of kaolinite 292 
would favor the electrostatic interactions between the keyed potassium ions and the oxygen of the inner 293 
OH groups, which justifies the modifications of the 3620 cm-1 hydroxyls stretching band. A recent 294 
investigation by Makó et al. [63] studied the possible structural configuration on the 295 
kaolinite-potassium acetate intercalation complex. It was proposed that the 1.40 nm spacing consisted 296 
of a double layer of potassium acetate (anhydrous). Furthermore, this phase was proposed to be 297 
anhydrous, contrary to previous investigations on this intercalation complex. It was reported by White 298 
et al. [64] that this structural configuration proposed by Makó et al. was implausible due to the lack of 299 
water, which made this model inconsistent with the thermal analysis results. 300 
From the available evidence pointing towards the inclusion of potassium within the 301 
kaolinite-potassium acetate intercalation complex and the results from our investigation [5, 13, 60, 302 
65-68], four possible structural model and decomposition processes for the intercalation complex are 303 
proposed in Fig.2. It can be concluded that the most possible structural model and thermal 304 
decomposition processes for the kaolinite-potassium acetate intercalation complex is shown in Fig. 2d. 305 
The kaolinite-potassium acetate intercalation complex was formed from the expansion of kaolinite with 306 
both potassium acetate and molecular water. Meanwhile, the potassium ion fits into the ditrigonal 307 
cavity and influences both the position and the intensity of the hydroxyl vibration modes. The presence 308 
of the potassium ion may affect the dipole moment of this hydroxyl group by effectively “squeezing” 309 
into the ditrigonal cavity of the siloxane layer. The effect of increase temperature may allow this 310 
potassium to fit into this ditrigonal or at least sit above the cavity. It is therefore proposed that the 311 
thermal decomposition processes for kaolinite-potassium acetate intercalation complexes is presented 312 
as mentioned above (Fig.2). The first step is loss of the water coordinated to potassium acetate in the 313 
intercalated kaolinite. And then the inner surface hydroxyls and hydrogen bonds formed water and loss 314 
resulting in the incomplete collapse of the expanded kaolinite structure to 1.10 nm. The third step is 315 
attributed to the loss of the acetate in the layer of kaolinite. The last step is to loss of the inner 316 
hydroxyls. 317 
3.2. Formamide kaolinite intercalation complex 318 
Molecules such as formamide and acetamide may connect to kaolinite inner surfaces through the 319 
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C=O group, the lone pair of nitrogen, or the amide group. A previous study [69] has shown that 320 
formamide readily intercalates kaolinite and the proposal was made that the intercalation process 321 
depended upon whether the kaolinite was ordered (low-defect) or disordered (high-defect) in terms of 322 
layer stacking. 323 
It was determined the total concentration of kaolin minerals (halloysite+kaolinite) using 324 
formamide intercalation by differential thermal analysis as described by Churchman et al. [70] and 325 
Theng et al. [71]. 326 
The intercalation of formamide into the interlayer of kaolinite was also reported by Horte et al. 327 
[51]. They confirmed the stability of the intercalation complex is up to about 220 °C. 328 
Frost et al. [72] used Raman spectroscopy for studying the structure of the kaolinite intercalated in 329 
aqueous formamide solutions in the -196 to 150 °C temperature range. At -196 °C, the inner OH band 330 
shifts from 3620 cm-1 to 3615 cm-1, while the inner surface OH bands shift to higher wavenumbers by 331 
8-10 cm-1. At 25 °C, the band at 3627 cm-1 for the complex is attributed to the inner surface OH groups 332 
hydrogen-bonded to the C=O unit of formamide. This band shifts to 3631 cm-1 at -196 °C. The broad 333 
band at 3600 cm-1 in the 25 °C spectrum is observed at 3589 cm-1 at -196 °C and is attributed to water 334 
molecules incorporated into the interlayer space. At 100 °C, the 3463 cm-1 band of the –N-H···O-Si unit 335 
disappears and the deintercalation of the complex is complete by 150 °C. 336 
The thermal behaviour of kaolinites-formamide intercalation complex using controlled-rate 337 
thermal analysis technology, allowing the separation of adsorbed formamide from intercalated 338 
formamide in formamide-intercalated kaolinites, was reported by Frost et al. [73]. Thermoanalytical 339 
studies showed that the removal of intercalated formamide below 300 °C is a complex process and that 340 
the liberation of formamide from the complex takes place in two overlapping stages. Further research 341 
showed that large amounts of formamide can be connected to the kaolinite if intercalation is carried out 342 
in the presence of water. The complexity of the thermal decomposition patterns and the subtleties of the 343 
vibrational spectroscopic (FT-IR and Raman spectrometric) data require a detailed study of this thermal 344 
decomposition mechanism. For the formamide-intercalated kaolinite the DTA curves showed three 345 
endotherms at 65, 150 and 560 °C, ascribed to the loss of water, formamide and kaolinite 346 
dehydroxylation, respectively. The differential thermogravimetric (DTG) curves are more informative 347 
and three inflections are observed at 65, 150 and 536 °C, which are attributed to the loss of water, 348 
formamide and kaolinite hydroxyls, respectively. Under the controlled-rate conditions two mass losses 349 
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are observed, (a) at 118 °C under quasi-isothermal conditions and (b) at 150 °C. Thus under dynamic 350 
conditions only a single mass loss is observed but under quasi-isothermal conditions now two mass 351 
losses are observed. According to thermogravimetry–mass spectrometry (TG-MS) studies, the mass 352 
loss stage at 67 °C belongs to the removal of 3.27% by mass of water. Bonded formamide is released in 353 
two stages under quasi-isothermal conditions at 118 °C (21.57% by mass) and under non-isothermal 354 
conditions at 153 °C (4.24% by mass). It is shown that significant differences can be observed in the 355 
thermal behaviour of differently bonded formamide molecules. Whereas the first type of bonded 356 
formamide is lost under isothermal conditions at 118 °C, the second type of formamide molecules 357 
exhibits a drastically different behaviour on heating. The observation that the temperature remained 358 
spontaneously constant during the first formamide mass loss stage indicates an equilibrium reaction. 359 
The liberation of strongly bonded formamide takes place under non-isothermal conditions in a similar 360 
fashion and at practically the same temperature (156 and 153 °C), indicating a similar mechanism of 361 
formamide bonding to the clay structure. Since the best separation of the overlapping formamide 362 
decomposition stages can be obtained at 130 °C, heating was stopped in a separate experiment at 363 
130 °C.  364 
A systematic study of formamide intercalated low- and high-defect kaolinites using controlled-rate 365 
thermal analysis (CRTA) was made by Kristóf et al. [74] and Frost et al. [75]. With this technique 366 
thermal decomposition reactions can be conducted at a very low and constant rate (e.g. 0.10 mg/min) 367 
under conditions close to thermodynamic equilibrium. It was discussed that the non-bonded (i.e. 368 
adsorbed) formamide was lost in an isothermal fashion at 118 °C. It was also reported that the amount 369 
of dehydroxylation water liberated from the thermally deintercalated kaolinite between 400 and 600 °C, 370 
the amount of formamide connected via hydrogen bonding to the inner surface OH groups was 371 
calculated as 0.25 mol/mol inner OH. (It means that complete expansion of the kaolinite to 1.02 nm 372 
does not necessarily mean that all inner surface OH groups are in hydrogen bonding). 373 
Wang et al. [76, 77] studied the mechanisms and possible structure for formamide intercalated 374 
kaolinite using 1H decoupled solid state magic angle spinning nuclear magnetic resonance (MAS 375 
NMR), Raman spectroscopy and DRIFT techniques. It was reported that The formamide intercalation 376 
not only resulted in the breaking of the hydrogen bonds between the Al(O, OH)6 octahedral hydroxyl 377 
groups and the SiO4 tetrahedral oxygens, but also the formation of new different type hydrogen bonds 378 
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between formamide molecule and kaolinite inner surface hydroxyl and the SiO4 tetrahedral oxygen. 379 
Moreover, the formamide NH group was keyed into the ditrigonal hole of kaolinite. 380 
The effect of mechanochemical activation upon the intercalation of formamide into a high-defect 381 
kaolinite has been studied using thermal analysis by Frost et al. [22]. It was concluded that the 382 
evolution temperature of surface-bonded (adsorbed) formamide increases with the increase of the 383 
grinding time (the 6 h ground sample is an exemption to this rule). Furthermore, the strongly bonded 384 
(intercalated) reagent is lost at temperatures increasing with the time of mechanochemical activation. 385 
These observations lead to the conclusion that both the outer and the inner surfaces of the mineral 386 
become more active toward binding the reagent if the grinding time is increased. The thermally 387 
deintercalated mineral dehydroxylates between 400 and 600 °C. It can be seen that the dehydroxylation 388 
temperature gradually decreases (from 495 to 470 °C) with the increase of the grinding time. In 389 
addition, the amount of dehydroxylation water shows a gradual decrease from 10.2 to 6.8%. 390 
The formation of superactive centres in thermally treated formamide intercalated kaolinite has 391 
been reported by Horváth et al. [78]. Online TG-MS and offline diffuse reflectance Fourier transform 392 
infrared spectroscopy (DRIFT) studies showed that after the removal of adsorbed and intercalated 393 
formamide on heating, a third type of formamide mass loss stage can be found between 230 and 350 °C 394 
due to the in situ decomposition for NH3 and CO. These decomposition products are bonded differently 395 
to the superactive surface developed by the combination of grinding, intercalation and thermal 396 
deintercalation. 397 
According to the above literature reports, it is therefore proposed that the thermal decomposition 398 
processes for kaolinite-formamide intercalation complexes is presented as four steps. In the first step 399 
adsorbed formamide is liberated up to about 130 °C with maximum rate at 90-100 °C, while the 400 
intercalated reagent is lost between 110 and 200 °C with DTG maxima in the range 130-150 °C. An 401 
unexpected decomposition process can be observed between 230 and 350 °C, while dehydroxylation of 402 
the thermally deintercalated mineral takes place in the 400 to 600 °C range. Mass spectroscopic ion 403 
intensity data show that in the 230 to 350 °C range the decomposition of strongly bonded formamide 404 
takes place resulting in the formation of H2O, CO, CO2, and NH3. It is concluded that the C=O group is 405 
linearly linked with the inner surface OH group and that the vibration is highly symmetric. Two types 406 
of hydrogen bonds between the formamide NH group and the siloxane layer were found by infrared 407 
spectroscopic studies.  408 
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3.3. Dimethyl sulphoxide kaolinite intercalation complex 409 
The dimethyl sulfoxide (DMSO) intercalation has been used to separate the chlorite fractions from 410 
the kaolinite minerals. The reason DMSO is so successful at separating the clay minerals is that the 411 
kaolinite after intercalated by DMSO expand from 0.72 to 1.12 nm. This expansion followed by 412 
deintercalation results in the stacking disorder of the kaolinite. Intercalation of DMSO into kaolinite 413 
provides a method for the incorporation of other alkali and alkaline metal salts into the kaolinite by 414 
replacement of the DMSO. As early as in 1984 Johnston et al. [79] discussed Raman and infrared 415 
spectroscopic studies on the kaolinite intercalated with a DMSO solution containing 9% water. The 416 
intercalation of DMSO into the interlayer of kaolinite was also reported by Horte et al. [51]. They 417 
confirmed the stability of the intercalation complex is up to about 220 °C. 418 
Frost et al. [80] studied the molecular structure of DMSO intercalated kaolinite using DRIFT. It 419 
was reported that there were three types of DMSO molecules in the intercalated kaolinite including 420 
monomeric, polymeric, and non-bonded DMSO. 421 
The deintercalation of DMSO intercalated kaolinites was studied using a combination of thermal 422 
analysis techniques and Raman spectroscopy by Frost et al. [81]. Thermal analysis results showed three 423 
endotherms at 77, 117 and 173 °C attributed to the loss of water and the loss of DMSO in two stages. It 424 
is proposed that the DMSO in the intercalate complex exists in two different forms. The thermal 425 
analysis data was used to select appropriate temperatures for the collection of Raman spectral data. It 426 
was also reported that deintercalation can be followed by the decrease in intensity of the bands 427 
attributed to the hydroxyl stretching and CH stretching. Significantly, after deintercalation, the 428 
structure of the kaolinite returned to its original structure, at least on the molecular scale. 429 
A Raman spectroscopic study of kaolinite hydroxyls in the DMSO-intercalated kaolinites at 25 430 
and -196 °C was carried out by Frost et al. [82]. It is proposed that the DMSO molecule exists with two 431 
different orientations in the kaolinite-DMSO intercalation complex and these two molecular forms are 432 
differentiated by the OH-stretching bands of the inner surface hydroxyl groups. 433 
A high-temperature X-ray diffraction, TG/DTA study of kaolinite-DMSO intercalation complex 434 
was carried out by Franco and Cruz [83]. The complex was heated between 25 and 300 °C which 435 
caused the removal of the DMSO. They divided this process into three stages: 1) the first stage 436 
(25-125 °C), an expansion (from 1.12 to 1.13 nm) followed by a contraction (from 1.13 to 1.12 nm) is 437 
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observed, at the same time as the intensity of the basal reflection decreased and was replaced by a 438 
broad band extending from ~1.1 to ~0.7 nm. 2) the second stage (125-200 °C), the loss of DMSO did 439 
not lead to changes in the high-temperature X-ray diffraction patterns; and finally, 3) the third stage, 440 
the loss of DMSO caused an important increase in intensity and sharpening of the basal reflections of 441 
the kaolinite. These stages were also shown by the TG/DTA curves for the complex. The TG curve 442 
indicated that the loss of ~15% of the intercalated DMSO occurs below 150 °C, and caused the 443 
disruption of the structure. The remaining molecules, forming stronger bonds with the kaolinite 444 
surfaces, were lost between 150 and 300 °C. 445 
It was reported by Franco et al. [84] that the thermal behaviour of the intercalation complex of a 446 
dickite with DMSO was studied using high-temperature X-ray diffraction, TG/DTA, and attenuated 447 
total reflectance infrared spectroscopy. The infrared spectroscopic study indicated that the heating 448 
between room temperature and 75 °C produced the elimination of adsorbed molecules. Above this 449 
temperature the elimination of intercalated molecules occurs through several stages. Loss of ~6.5% of 450 
the intercalated DMSO first causes a slight contraction of the basal spacing at 90 °C due to a 451 
rearrangement of the DMSO molecules in the interlayers’ positions. This contraction is followed by the 452 
formation of a single layer complex and the restoring of the dickite structure, at 300 °C, when the loss 453 
of intercalated species has been completed. 454 
Gardolinski et al. [85] reported that a well-ordered kaolinite intercalated with a water and DMSO 455 
mixture at 60 °C. After washing and characterization, the resulting material was washed several times 456 
with methanol and in the final step with water. After the water washing, the water molecules displace 457 
the previously intercalated DMSO molecules and two different hydrated kaolinites were obtained. 458 
Meanwhile, an unstable phase was characterized by an interplanar basal distance of 1.00 nm, which 459 
collapsed to the stable 0.84 nm hydrated kaolinite after drying. 460 
Intercalation of kaolinite with DMSO was carried out by Lopes et al. [86] under hydrothermal 461 
conditions using a Teflon reactor. The intercalated complex has been characterized by X-ray diffraction, 462 
Fourier transform-infrared spectroscopy and TG analysis techniques. By TG analysis data, the kinetic 463 
parameters Ea, and A were calculated for the thermal decomposition of the kaolinite-DMSO 464 
intercalation complex by using Arrhenius method: Ea=98.62±3.73 kJ/mol and A=12.55, and using 465 
Ozawa method, Ea=93.67±3.54 kJ/mol, respectively. 466 
19 
The molecular dynamics simulation of kaolinite-DMSO intercalation complex at 27 °C was 467 
performed by Fang et al. [87]. It suggested that the intercalation of DMSO molecules in the kaolinite- 468 
DMSO intercalation complex underwent three regions, changing with the stoichiometric ratio x from 469 
0.19 to 1.56. The three regions are defined as single layer region, transition region and double layer 470 
region, respectively. 471 
The DMSO molecules absorbed on the surface of kaolinite or intercalated into the interlayer of 472 
kaolinite was investigated by Ye et al. [88]. It showed that the absorbed water and desorbed DMSO can 473 
be completely removed at 60 °C for 24 h without affecting the intercalated DMSO. The temperature for 474 
the removal of DMSO molecules is 117 °C. Based on the data of the thermal analysis, the molar ratio 475 
of Al2 [Si2O5] (OH) 4 and DMSO is 1.04:1. This conclusion considers the water in kaolinite-DMSO 476 
intercalation complex only was absorbed on the surface of kaolinite. 477 
The thermal behaviour of kaolinite-DMSO intercalation complex was studied by Zhang and Xu 478 
[89]. It was reported that the TG curve has two mass loss peaks for the intercalation complex. The first 479 
mass loss is from 150 °C to 320 °C with a mass loss of 8.3%, which was due to DMSO volatilization 480 
and decomposition by the authors. The volatilization effect incarnates as exothermic peaks and the 481 
decomposition effect incarnates as endothermic peaks in the DTA curve. The mass loss of the complex 482 
occurred between 440 °C and 570 °C with a mass loss of 11.3%. This mass loss was attributed to the 483 
dehydroxylation process of non-reacted and the intercalated kaolinite. Compared with raw kaolinite, 484 
the dehydroxylation temperature of the intercalation complex drops about 80 °C to 140 °C, which is 485 
evidence that microwave radiation has an exfoliation effect for kaolinite. It was supposed that when 486 
d-spacing changed from an intercalated state to an exfoliation state, most of the hydroxyls connected 487 
with aluminium cation are bare without the protection of layers. It's easy for them to associate with 488 
each other by hydrogen bond to form a water molecule and so its dehydroxylation temperature declined 489 
about 120 °C. 490 
It was reported a detailed study on the kaolinite-DMSO complexes of low- and high-defect 491 
kaolinite were investigated using thermo-XRD-analysis by Lapides and Yariv [90, 91]. The samples 492 
were gradually heated up to 170 °C and diffracted by X-ray at room-temperature. With the rise of 493 
temperature, due to the thermal evolution of the guest molecules, the relative intensity of the 1.11 nm 494 
peak decreased and that of the 0.72 nm peak (original kaolinite) increased indicating that the fraction of 495 
the non-intercalated tactoids increased. The 1.11 nm peak disappeared at 130-140 °C. During the 496 
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thermal treatment of the complexes two additional peaks appeared at 110 and 120 °C, respectively, 497 
with d-values of 0.79-0.94 and 0.61-0.67 nm in kaolinite-DMSO intercalation complex, indicating the 498 
formation of a new phase. It was discussed that H-bonds between intercalated water molecules and the 499 
O-planes, Si–O vibrations of the clay framework were perturbed, in the low-defect kaolinite more than 500 
in the high-defect. The presence of intercalated DMSO was proved from the appearance of methyl 501 
bands. These bands decreased with temperature due to the thermal evolution of DMSO but disappeared 502 
only in spectra of samples heated at 160 °C. Intercalated DMSO was H-bonded to the inner-surface 503 
hydroxyls and vibrations associated with this group were perturbed. Due to the thermal evolution of 504 
DMSO the intensities of the perturbed bands decreased with the temperature. They disappeared at 505 
160 °C together with the methyl bands. 506 
Zhang et al. [92] reported that the kaolinite-DMSO intercalation complex is stable below 130 °C. 507 
With the rise of the temperature, the relative intensity of the 1.12 nm peak gradually decreased and 508 
disappeared at 200 °C, but the intensity of the 0.71 nm peak increased in the XRD patterns. In the 509 
infrared spectra, the appearance of methyl bands at 3018, 2934, 1428, and 1318 cm-1 indicates the 510 
presence of intercalated DMSO, the intensities of these bands decreased with the temperature rising 511 
and remained until around 175 °C. 512 
Although highly sophisticated instrumental methods (e.g. solid state NMR spectroscopy) are used 513 
in addition to infrared and Raman spectroscopy to study organoclays, the structure of DMSO in 514 
kaolinite is still not known exactly [93]. However, it is proposed that the formation of hydrogen bond 515 
associated with S=O coordinated to the inner surface hydroxyl and the reaction between the CH3 and 516 
oxygen of silica sheet expanded the interlayer space of kaolinite with the d (001)-value of 1.12 nm. As 517 
the temperature rising, the relative intensity of the 1.12 nm peak decreased and disappeared at 175 °C 518 
and that of the 0.71 nm peak increased in the XRD patterns which were attributed to the thermal 519 
evolution of the guest molecules. 520 
3.4. Hydrazine intercalation into kaolinite 521 
The intercalation of kaolinite with hydrazine has been widely studied [51, 69, 71, 94, 95] . 522 
Hydrazine expanded the kaolinite along the c axis to 1.04 nm [69]. This d-spacing shows strong 523 
asymmetry on the high-angle side, suggesting that more than one d-spacing was involved. Hydrazine in 524 
aqueous solution exists only as hydrazine hydrate. Therefore, the incorporation of hydrazine into the 525 
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intercalation complex probably involves the hydrazine hydrate and thus water is always present when 526 
kaolinite is intercalated with hydrazine. Johnston and Stone [96] reported the partial collapse of the 527 
hydrazine-intercalated kaolinite from 1.04 to 0.96 nm upon evacuation. The reason for this collapse 528 
was attributed to the keying in of the amine NH2 units into the siloxane layer. Hydrazine has found 529 
wide use for the modification of kaolinite surfaces. For example, hydrazine can be used to compare the 530 
defect structures of kaolinites [97]. A second example is in the use of hydrazine to synthesize 531 
three-dimensionally ordered complexes [98]. Removal of the hydrazine resulted in the formation of 532 
0.84 nm hydrate with the ordered layer stacking of the kaolinites unchanged by the intercalation. 533 
As early as in 1968, Wada [94] discussed the thermal behavior of kaolinite-hydrazine intercalation 534 
complex. He noticed that the incomplete collapse in spacing for the intercalation complex, and a 535 
considerable broadening and decrease in the intensity of the 0.71 nm diffraction peak suggest partial 536 
fixation of hydrazine. The complete reversion often requires heating at 200 to 300 °C. Weiss et al [27] 537 
reported the same results, and they point out that this process is not always reversible. According the 538 
report by Horte et al. [51], the kaolinite-hydrazine intercalation complex is stable below 160 °C. 539 
Johnston and Stone [96] reported that the amount of hydrazine absorbed by kaolinite at 1 atm 540 
pressure and 25 °C ranged between 2 and 4 hydrazine molecules per unit cell of kaolinite. The 541 
gravimetric analysis, however, was not capable of distinguishing between hydrazine intercalated into 542 
the structure and that physically adsorbed on the external surfaces or within micropores. 543 
It was reported by Cruz and Franco [99] that the DTA curve of the kaolinite-hydrazine complex 544 
shows a large S-shaped low-temperature endothermic-exothermic peak system, an endothermic peak at 545 
532 °C, and an exothermic peak at 983 °C. The low-temperature endothermic system includes a sharp 546 
endothermic effect, at 110 °C, which shows two inflections, at 60 and 95 °C, which indicate the 547 
presence of two broad endothermic effects. This DTA system is accounted for by a large mass loss 548 
from 40 to 210 °C, observed in the TG curve. This mass loss suggests an estimated kaolinite/ (water 549 
and hydrazine) ratio of about 1:2 in the initial complex, although the estimation of the ratio of adsorbed 550 
to intercalated molecules was not possible. The low-temperature endothermic system, which suggests 551 
that the loss of water and hydrazine occurs in three separated stages, is almost immediately followed by 552 
an intense exothermic effect, which corresponds to hydrazine oxidation. A weak endothermic effect 553 
observed at 280 °C is probably related to loss of residual, strongly bonded interlayer molecules. The 554 
endothermic effect observed in the range 450-640 °C corresponds to dehydroxylation of kaolinite, as 555 
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indicated by the mass loss observed in the TG curve. This effect appears at a slightly lower temperature 556 
than that observed in the DTA curve of untreated kaolinite. 557 
The role of water in the intercalation of kaolinite with hydrazine was discussed by Frost et al. 558 
[100]. It was discussed that the intercalation of kaolinite with hydrazine occurs in steps according to the 559 
d-spacings of 1.03, 0.95 and 0.88 nm. It has been found that the intercalation of kaolinites with 560 
hydrazine is not simple and various structures can be found. The first two expansions depend on the 561 
hydrazine conformation in the interlayer space. The magnitude of each conformation depends on the 562 
order of the kaolinite, the length of time for intercalation, and exposure time to air or inert gases. The 563 
most likely explanation for the difference in d-spacing is probably the presence or absence of 564 
coordinated water around the hydrazine molecule in the intercalated structure. Based on the 565 
observations in the DRIFT spectra, it was shown that the 1.03 nm phase was formed by intercalation of 566 
the [NH2–NH3]δ+OHδ- unit. It was shown that deintercalation through exposure to air supports this 567 
concept. The relative intensities of these (001) peaks changed as deintercalation occurred until collapse 568 
of the structure through heating was observed. It is proposed that not only hydrazine but also water is 569 
incorporated into the interlayers of the expanded kaolinite. It is for this reason that the intercalation of 570 
the kaolinite with hydrazine takes place in steps. 571 
The deintercalation of a low defect kaolinite intercalated with hydrazine has been followed by 572 
Frost et al. [101] using X-ray diffraction, DRIFT and Raman spectroscopy. It was showed that the 573 
kaolinite was expanded to 1.04 nm and was totally intercalated from X-ray diffraction. Deintercalation 574 
was followed by the decrease in intensity of the d(001) spacing of the intercalated kaolinite and the 575 
increase in intensity of the d(001) spacing of the deintercalated kaolinite. Deintercalation took more than 576 
120 hours to occur. The (001) peak was very broad upon deintercalation and a spread of spacings 577 
between 0.71 and 0.73 was found. The proposal was made that water was incorporated into the 578 
kaolinite interlayer spaces resulting in the incomplete collapse of the kaolinite structure to the original 579 
d-spacing. 580 
Kristóf et al. [61] reported the thermal behaviour of hydrazine intercalated kaolinite. The results 581 
showed the liberation of water throughout the whole thermal decomposition range. The results were 582 
further proved by the TG-MS technique. It was concluded that water and hydrazine were 583 
simultaneously released up to about 70 °C. It was also supposed that in this temperature (from ambient 584 
to 70 °C) hydrazine hydrate bonded to the outer surfaces of the kaolinite particles was lost to the 585 
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atmosphere. Above 100 °C the liberation of water is slowed down, while hydrazine showed a higher 586 
release rate. This process was explained that on heating both hydrazine and water are released from the 587 
complex, but water is less strongly bonded to the kaolinite internal surface than hydrazine itself. 588 
The thermal behaviour of dickite-hydrazine intercalation complex was also studied by Cruz and 589 
Franco [102]. It is reported heating between 25-50 °C produced a structural rearrangement of the 590 
complex, which decreased the basal spacing from 1.02 to 0.94 nm, and the resulting 0.94 nm complex 591 
was stable between 50-90 °C. Heating between 90-300 °C caused a gradual reduction in spacing, which 592 
occurred through a set of intermediate phases. These phases were interpreted to be interstratifications 593 
of intercalated and non-intercalated layers. These changes were also observed by DTA and TG. Two 594 
main endothermic reactions and two main stages of mass loss, respectively, were indicated in the DTA 595 
and the TG curves in the temperature range 25-200 °C. This behavior suggests that intercalated 596 
molecules, hydrazine and H2O, occupied well-defined sites in the interlayer of the dickite. The 597 
intercalated molecules were lost in an ordered fashion as confirmed by the infrared analysis of the 598 
decomposition products; H2O was lost in the first stage and ammonia was identified in the second stage. 599 
Above 300 °C, complete removal of the intercalated molecules restored the basal spacing of the dickite. 600 
However, the basal reflections were broadened, the relative intensities were changed, and changes in 601 
the dehydroxylation temperature indicated that the intercalation-desorption process induced some 602 
stacking disorder in the dickite structure. 603 
The deintercalation of hydrazine-intercalated kaolinite has been studied by Frost et al. [103] using 604 
a combination of X-ray diffraction and DRIFT. It was shown that the kaolinite layers were expanded to 605 
1.07 nm after intercalation of the kaolinite with hydrazine and the intercalation complex remain 606 
expanded for up to 22 h upon exposure to moist air. Only upon deintercalation are the peak at 1.04 nm 607 
and a minor peak at 0.96 nm observed. The complete deintercalation takes up to 18 days more. 608 
Kristóf et al. [104] reported that controlled-rate thermogravimetric experiments were performed 609 
providing time enough for the inherently slow transport of heat between the furnace chamber and the 610 
sample and for the establishment of an equilibrium between gas-phase diffusion processes of opposite 611 
direction (transporting decomposition products from the sample to the furnace chamber and nitrogen to 612 
the sample to replace gas-phase decomposition products).Therefore, this technique was used by Kristóf 613 
to analyse the thermal behavior of kaolinite-hydrazine intercalation complex. It was discussed that on 614 
prolonged heating, the temperature increased to 61 °C, and then a spontaneous decrease of the 615 
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decomposition rate was observed at 69 °C. With further heating, a decomposition stage at 77 °C and 616 
another one at 113 °C were observed. At approximately 140 °C, the complex is completely decomposed. 617 
The deintercalated kaolinite was heated to 700 °C in order to determine the amount of water released 618 
during dehydroxylation of the mineral. The thermal behavior of the kaolinite fully expanded by 619 
hydrazine-hydrate (as evidenced by X-ray diffraction measurements) can be interpreted as follows. 620 
Adsorbed (surface-bonded) hydrazine-hydrate is lost in a quasiisothermal, equilibrium step until 69 °C. 621 
The adsorbed reagent is connected to the outer and inner surfaces of the fully expanded mineral. 622 
Weakly bonded hydrazine can be connected to the siloxane layer through the hydrogen atoms, can be 623 
present as a space filler, or can be inserted into the ditrigonal cavity of the siloxane layer. The mass loss 624 
stages between 69 and 91 °C as well as between 91 and 140 °C belong to strongly bonded hydrazine 625 
lost in equilibrium but nonisothermal processes. These hydrazine molecules form hydrogen bonds with 626 
the inner-surface OH groups (intercalated hydrazine). The TG-MS results also showed that water and 627 
hydrazine are lost simultaneously but with an “offset” from the heated complex (water is released at a 628 
lower temperature than hydrazine, resulting in the presence of water-free hydrazine in the last stage of 629 
decomposition). 630 
From the available literature pointing towards the thermal behaviour for kaolinite-hydrazine 631 
intercalation complex, the thermal decomposition of this complex is divided in three stages. In the first 632 
stage, heating between 25-200 °C produces a structural rearrangement of the complex, which initially 633 
causes a contraction of the basal spacing from 1.04 to 0.96 nm. In the second stage, the basal spacing 634 
reduces to 0.85 nm when the temperature between 200 and 400 °C. In the third stage, the 635 
dehydroxylation of kaolinite and the disappearance of its X-ray reflections occurred between 636 
400-650 °C. Evidence for these changes was observed by DTA, where three endothermic reactions are 637 
observed at low temperature. These results suggest that intercalated molecules occupy several 638 
well-defined sites in the interlayer of the kaolinite complex. The intercalated molecules deintercalated 639 
in an ordered fashion, which explains the successive and discontinuous contraction of the basal spacing 640 
of the complex. Heating between 200 and 400 °C caused a limited increase in stacking order of the 641 
kaolinite structure. 642 
It was reported that hydrazine is one of the most commonly used entraining agents and it 643 
intercalates kaolinite faster than most other compounds do. For example, the intercalation of kaolinite 644 
by hydrazine was nearly complete within 2 h, whereas the intercalation of kaolinite by DMSO or 645 
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formamide might take several days [96, 97]. Compared to the intercalation by formamide and DMSO, 646 
there are more debates on the mechanism of the intercalation by hydrazine. This is especially true of 647 
the orientation of the interlayer molecules, and the exact configurations with which they occur in the 648 
interlayer space. Deng et al. [105] reported a detailed study on the possible molecular configurations 649 
and orientations of kaolinite-hydrazine intercalation complex. It was also reported that water molecules 650 
increased the intercalation rate of kaolinite by hydrazine and caused the expansion of the intercalation 651 
complex from 0.96 to 1.03 nm. The kinetic effect was likely caused by water breaking the self 652 
association of hydrazine molecules and releasing more “free” hydrazine molecules for the intercalation. 653 
The authors suggested that the expansion was accompanied by a configuration change of hydrazine 654 
molecules in the interlayer of kaolinite. Hydrazine molecules had an eclipsed form in the interlayer of 655 
the 0.96 nm kaolinite-hydrazine intercalation complex. The molecule was oriented with the N–N bond 656 
parallel or nearly parallel to the (001) surface of the mineral and the four H atoms of each hydrazine 657 
molecule reacted with the basal siloxane surface. The possible structural models for the intercalation 658 
complex are proposed by Deng et al. [105] in Fig.3. 659 
3.5. Intercalation of urea into kaolinite 660 
One of the earliest studies on urea-intercalated kaolinites was made by Ledoux and White [69]. 661 
The intercalation complex was prepared by washing a hydrazine-kaolinite suspension with saturated 662 
urea solution. Kaolinite was delaminated by Tsunematsu and Tateyama [106] using a kaolinite-urea 663 
intercalation complex via grinding. 664 
 A detailed study on the urea intercalate of a highly ordered kaolinite with a Hinckley index of 1.39 665 
was made by Frost et al. [1]. It is worth mentioning that a model based upon a change of the points of 666 
interaction of the urea molecules with the kaolinite surfaces is proposed. At 25 °C, urea forms hydrogen 667 
bonds to the oxygen atoms of the siloxane surface. It is suggested that at -196 °C the layers are closer 668 
together and this results in the C=O group forming additional hydrogen bonds to the hydroxyls of the 669 
gibbsite-like surface. 670 
It was reported by Gardolinski et al. [107] that kaolinite was intercalated with urea using grinding 671 
procedures. The authors introduced complete intercalation of an ordered kaolinite upon grinding with 672 
20% urea. After washing with water under ultrasound stirring at 90 °C and air-drying, a 0.84 nm 673 
hydrated kaolinite was obtained. At the same time, urea was completely removed and kaolinite was 674 
26 
partially exfoliated. After drying under air, the intercalation complex was converted to hydrated 675 
kaolinite with the composition Al2Si2O5(OH)4 (H2O)0.64 and an interplanar basal spacing of 0.84 nm. It 676 
also reported that water molecules positioned between the layers of the silicate can be removed after 677 
calcination at 300 °C, regenerating structurally disordered kaolinite. 678 
 Yan et al. [108] reported a rapid preparation of kaolinite-urea complex (containing 20% urea and 679 
10% water) in a high-speed mixer at 95 °C. 680 
Letaief et al. [109] reported a new route for the intercalation of an ionic liquid, namely 1-ethyl 681 
pyridinium chloride, into the interlamellar spaces of kaolinite. The intercalation was achieved using a 682 
kaolinite-urea intercalate as a starting material. 683 
It was reported by Fukamachi et al. [110] that the effect of mechanical and chemical activation in 684 
processes of urea intercalation in the interlayer spacing of kaolinite and the effect of varying the 685 
temperature of the intercalation product between 100 and 200 °C were monitored using Fe3+ ions as a 686 
probe in electron paramagnetic resonance (EPR) spectroscopy. 687 
The kaolinite was intercalated with urea using a combined treatment including dry milling and 688 
heat treatment by Walásková et al. [111]. The kaolinite intercalated with different concentrations of 689 
urea and subsequently exfoliated during thermal or low-temperature washing exhibit a variable 690 
intensity of the (001) diffractions of kaolinite and interstratified intermediate kaolinite with randomly 691 
interstratified layers of grafted urea and water. It was also reported that low-temperature washing 692 
procedures yield interstratified intermediate kaolinite structures interstratified with layers grafted with 693 
urea and water with a mean d(001)=0.82 nm. After thermal washing procedures, interstratified 694 
intermediate kaolinite structures form with a mean d(001)=0.83 nm, apparently as a result of prevailing 695 
interstratifications of water over grafted layers of urea. 696 
 It was reported by Makó et al. [12] that the intercalation complex of low- and high-defect 697 
kaolinites have been prepared by direct reaction with urea aqueous solution as well as by co-grinding 698 
with urea in the absence of water (mechanochemical intercalation). The thermal decomposition of this 699 
complex is divided in two stages. The first stage (>25 and <350 °C) is due to the removal of urea, 700 
adsorbed and coordinated water (formed as a result of mechanochemical dehydroxylation of the 701 
kaolinite), while in the second stage (>350 °C and <800 °C) water is lost in the thermal 702 
dehydroxylation of the kaolinite. 703 
Rutkai et al. [112] introduced a computer simulation with respect to the possible orientation of 704 
27 
urea in the kaolinite-urea intercalation complex. It was pointed out that the dipole moment vectors of 705 
urea molecules tend to point towards the silica sheet and the character of the hydrogen bonds can be 706 
described more precisely by simulation. 707 
According to the report by Nicolini et al. [113], the dehydrated halloysite was mixed with urea 708 
and subjected to a grinding process. Several amounts of urea were tested up to a percentage of 20% in 709 
relation to the amount of halloysite. In the more concentrated samples, isopropanol was used to wash 710 
out any eventual excess of nonintercalated urea. 711 
4. Conclusions 712 
Based on the thermal decomposition of kaolinite, the thermal behaviour for kaolinite intercalated 713 
by several common reagents including potassium acetate, formamide, dimethyl sulphoxide, hydrazine 714 
and urea have been presented. However, despite numerous papers published on the thermal behaviour 715 
of kaolinite intercalation complex, there is still diminutive information on the mechanism of thermal 716 
decomposition for these kaolinite intercalation complexes. The literature review shows that there is a 717 
need for a more detailed systematic study on the surface chemistry and structural or phase 718 
transformation for kaolinite intercalation complexes, focusing mainly on functional groups in the 719 
intercalation and thermal decomposition processes. It is very important to monitor the structural 720 
modification of kaolinite intercalation complex when it is heated at different temperature. Although 721 
much has been accomplished in the areas of kaolinite intercalation reactions, a great deal of work is 722 
necessary (i) to make in depth study on the structure of the complexes formed (ii) to understand the 723 
parameters responsible for reactivity (iii) to investigate an effective technique for characterization that 724 
can make the intercalation reactions process more clear and (iv) to conduct a detailed study on the 725 
phase transition of the intercalation complexes when the temperature of the system is raised. 726 
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